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Abstract 
R-plane sapphire is the preferred substrate material for silicon-based radiation-hard devices and RF integrated circuits. Ab initio 
periodic Hartree-Fock simulations of r-plane sapphire slabs are presented with a particular focus on the surface relaxation and the 
surface energy. The calculations show that there is a considerable relaxation of the four outermost atomic layers of r-plane 
sapphire. A comparison with c-, a- and m-plane sapphire shows that the surface energy of fully relaxed r-plane sapphire is 
considerably larger than the surface energy of c-plane sapphire, but similar to the surface energies of a- and m-plane sapphire. 
The implications of these findings for chemical mechanical polishing (CMP) and electrolytic in-process dressing (ELID) grinding 
of sapphire are discussed briefly. 
 
© 2009 Published by Elsevier B.V. 
PACS: 68.35.bd; 68.35.Md; 68.47.Gh 
Keywords: computer simulation; surface relaxation; surface energy; alumina 
1. Introduction 
The main commercially available orientations of sapphire wafers and substrates are c-plane (0001) referred to as 
0-degree or basal plane sapphire, a-plane ( 0211 ) referred to as 90-degree sapphire, m-plane ( 0110 ) and r-plane 
( 0211 ). C-plane sapphire substrates are used e.g. for the growth of GaN light emitting diodes [1,2], InGaN 
multiple-quantum-well blue laser diodes [3] or HgCdTe infrared detector arrays [4]. Recently, semipolar GaN has 
also been grown on m-plane sapphire by hydride vapor phase epitaxy [5] and on a-plane sapphire by plasma-assisted 
MOCVD [6]. In contrast, r-plane sapphire is used e.g. for silicon-based radiation-hard devices, RF integrated 
circuits, microwave and pressure transducer applications [7,8], and very recently also for the growth of nonpolar 
GaN [9]. Furthermore, epitaxial growth of MgO has been achieved on c-, r-, a- and m-plane sapphire [10]. However, 
while c-, a- and m-plane sapphire have been studied extensively using various theoretical methods [11–16], r-plane 
sapphire has only very recently been investigated using periodic density functional theory [17–20]. In the present 
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work we use periodic Hartree-Fock simulations to investigate r-plane sapphire. In particular, we focus on the surface 
relaxation and surface energy. The main motivation of the present simulations is a comparison of the surface energy 
of fully relaxed r-plane sapphire with c-, a- and m-plane sapphire within the Hartree-Fock formalism, where it is 
found that the order of increasing surface energy changes for these four surfaces before and after relaxation, and to 
draw some conclusions from such a comparison with respect to the surface treatment of sapphire. The latter is 
achieved by discussing briefly the implications of the present findings for chemical mechanical polishing (CMP) 
and electrolytic in-process dressing (ELID) grinding of sapphire.    
2. Computational details 
All calculations are performed with the computer code CRYSTAL06 [21] (which is an ab initio Hartree-Fock 
linear combination of atomic orbitals program for solving the Schrödinger equation for periodic systems). The 
default restricted closed-shell Hartree-Fock Hamiltonian was used in the calculations. The surface is described by a 
slab model, i.e. the dimensions parallel to the surface have periodicity while the dimension perpendicular to the 
surface is free of constraints (a large enough boundary is set in this direction to ensure that the wave function decays 
to zero). The three-dimensional Ewald summation can therefore be employed to calculate long-range interactions in 
the slowly convergent Coulomb series for a two-dimensional geometry. Sapphire (Į-Al2O3) has the corundum-type 
structure (space group cR3 ) with hexagonal close-packed (0001) layers of O atoms and two thirds of the octahedral 
holes in between filled by metal atoms. The geometry of the (0001) basal plane, the ( 0211 ) prism plane and the 
( 0211 ) pyramidal plane within the sapphire cation sub-lattice are shown in Ref. [22]. The all-electron level basis 
sets and structural parameters (a0 = 4.742 Å and c0 = 12.936 Å) were taken from previous studies of bulk Į-Al2O3 
[23]. In the present calculations, we choose a 40-layer O-terminated slab of Į-alumina (i.e. 16 unit layers of Al2O3 
with the stable single O-layer termination). Consequently, there are a total of 80 atoms in the simulation cell. The 
fully energy-minimized configuration of the ( 0211 ) Į-Al2O3 slab with all 80 atoms in the simulation cell is shown 
in Figure 1. 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 Energy-minimized configuration of the ( 0211 ) Į-Al2O3 40-layer slab (80 atoms in the simulation cell, slab surfaces are  
to the left and right of the image, all atoms were fully relaxed). Key: aluminum (grey), oxygen (red). 
 
In CRYSTAL, the level of numerical approximation in evaluating the Coulomb and exchange contributions to 
the Hartree-Fock matrix appearing in the self-consistent field equations is controlled by five tolerances. The values 
used in the present calculations are (7 7 7 7 and 14). The shrinking factors, which determine the number of sampling 
points in the irreducible Brillouin zone (IBZ), are chosen as (6 6). Consequently, there are 16 k-points in the slab 
IBZ. The crystal structure of sapphire has inversion symmetry. The top and bottom surfaces of the slab are thus 
equivalent and the crystal symmetry was retained during the simulations. The remaining parameters for controlling 
the geometry optimization process are the same as in the literature [24]. 
3. Results and discussion 
The calculated interplanar spacings of the seven outermost atomic planes after full relaxation of the whole r-plane 
sapphire slab are shown in Figure 2. The corresponding interplanar spacings for bulk sapphire (in this same order, 
i.e. top to bottom) are 0.35 Å, 0.71 Å, 0.71 Å, 0.35 Å, 1.35 Å, 0.35 Å and 0.71 Å. Consequently, the percentage 
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changes after full relaxation (in this same order) are 14%, –30%, 8%, 28%, –6%, 11% and 0.6%. These values are in 
very good agreement with the periodic density functional theory calculations of Mason et al. [19] using the 
generalized gradient approximation to the exchange-correlation functional. As can be seen, the relaxation of the four 
outermost atomic layers of the r-plane sapphire surface is considerable. It can also be seen that the interplanar 
spacing of the seventh layer from the top of the surface is virtually identical with the bulk. The latter is also the case 
for all atomic layers underneath the seventh layer (not shown). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 Calculated interplanar spacings of the seven outermost layers of a fully relaxed r-plane sapphire slab (O-termination layer 
is at the top). 
 
We now consider the surface energy of r-plane sapphire. The theoretical formalism for evaluating the surface 
energy of Į-alumina has been described in detail by Marmier and Parker [25]. Here, we calculate the surface energy 
as ES = (E(n) – n Ebulk)/(2 A), where A is the area of the primitive surface unit cell, E(n) is the energy of a slab with n 
formula units, and Ebulk is the energy of a formula unit of the bulk material. The results of the present Hartree-Fock 
calculations of the surface energy for r-plane sapphire are summarized in Table 1, together with the surface energies 
for c-, a- and m-plane sapphire taken from Ref. [16]. Both the surface energies for the unrelaxed geometries and for 
the fully relaxed slabs are given in this table. As can be seen from Table 1, the surface energy of fully relaxed r-
plane sapphire is considerably larger than the surface energy of c-plane sapphire, but of a similar magnitude than a- 
or m-plane sapphire. The order of the relaxed surface energies is c < r < a < m. Other researchers [26] have also 
concluded that the basal plane is the most stable facet of sapphire. In fact there is also reasonably good qualitative 
agreement with the experimental results of Choi et al. [27] who obtain the relative energies of various sapphire 
surfaces from an examination of the equilibrium shape of internal cavities. The ratios of the surface energy relative 
to the basal plane were given for the r-plane as 1.05 and for the a-plane as 1.12 [27]. This compares to our values of 
1.22 and 1.29 for the r- and a-plane respectively. It is also interesting to note from Table 1 that, amongst these four 
surface facets, r-plane sapphire has the smallest surface energy for the unrelaxed geometry.  
 
Table 1 Summary of calculated surface energies (J m-2) for unrelaxed and fully relaxed low-index planes of sapphire.  
 
  relaxed        unrelaxed
r-plane  
c-plane 
a-plane 
m-plane 
 2.26      
 1.85a     
 2.39a       
 2.44a                  
3.09 
4.82a 
3.36a 
4.57a 
 
a J. Sun, T. Stirner, A. Matthews, Surf. Coat. Technol. 201 (2006) 4205. 
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We now discuss the implications of the present Hartree-Fock simulations for chemical mechanical polishing 
(CMP) and electrolytic in-process dressing (ELID) grinding of sapphire. Zhu et al. [28] investigated the polishing 
removal rate and surface quality of sapphire for different crystal orientations (c-, a- and m-plane) in chemical 
mechanical polishing. These authors found that the orientation-dependent removal rate (determined by weight loss) 
was greatest for the c-plane orientation and that the optimum CMP removal also yielded the best surface finish. The 
observed material removal rates (MRR) for c-, a- and m-plane sapphire were in the order MRRc >> MRRa > MRRm, 
which was attributed to differences in the hydration layer formation between the c-plane and the a- and m-planes of 
sapphire [28,29]. 
The ELID method was also applied to grind sapphire [30,31]. For instance, Makarenko et al. [31] investigated c- 
and r-plane sapphire and found that MRRr > MRRc for the same machining parameters. One could argue 
simplistically that the material removal rate in grinding and polishing experiments is directly related to the surface 
energy. However, this would account at best for the mechanical material removal and ignore any chemical effects 
during chemical mechanical polishing. In addition, the present Hartree-Fock simulations are for the unhydrated 
sapphire surface and can therefore not directly be compared with any pure mechanical finishing of a hydrated 
surface. Real r-plane sapphire surfaces may also exhibit a (2 x 1) reconstruction [32] and/or a mixture of Al and O-
terminated domains [33]. Nevertheless, provided that r- and c-plane sapphire form similar surface hydration layers, 
the smaller surface energy of fully relaxed c-plane sapphire (compared to r-plane sapphire) may account for the 
lower MRR of c-plane sapphire in the ELID experiments [31], while the very similar surface energy values of fully 
relaxed a- and m-plane sapphire are consistent with the similar MRR for these two surfaces observed in the CMP 
experiments [28]. Unfortunately, in this series of samples, a- and m-plane sapphire cannot be compared immediately 
with c- or r-plane sapphire, since there seem to be differences in the formation of the hydration layer [28]. In this 
context we note that Briquet et al. [18] found a marked decrease in the surface energy with increasing hydroxylation 
for both r- and c-plane sapphire at room temperature. Indeed, the molecular mechanics simulations of de Leeuw et al. 
[34] seem to indicate that hydroxylation of the sapphire surface not only gives rise to a lowering of the surface 
energy but also to a reversal of the order of the surface energies of c- and a-plane sapphire. This observation is 
consistent with the CMP experiments of Zhu et al. [28] and supports our proposal that the surface energy gives a 
good indication of the relative ease with which a sapphire surface can be treated mechanically. However, further 
studies of a series of fully hydroxylated low-index surface planes of stoichiometric sapphire within one type of 
theoretical approach are required to clarify this point. 
4. Conclusions 
Periodic Hartree-Fock simulations of O-terminated r-plane sapphire were presented. The simulations employed a 
simulation cell with 80 atoms arranged as a two-dimensional slab to investigate the surface relaxation and surface 
energy. The four outermost atomic layers were found to relax considerably, with the second and fourth interplanar 
spacing showing the largest contraction and expansion, respectively. The surface energy of the r-plane ( 0211 ) slab 
was also calculated and compared with previous calculations of the surface energy of c-plane (0001), a-plane 
( 0211 ) and m-plane ( 0110 ) sapphire. The order of the surface energies ES for these four facets was found to vary 
before and after relaxation. Before relaxation, the order is ESc > ESm > ESa > ESr, while after relaxation this order 
changes to ESc < ESr < ESa < ESm. A tentative connection between the calculated surface energy and the observed 
material removal rates of chemical mechanical polishing and electrolytic in-process dressing grinding experiments 
was then put forward. However, in actual samples the situation is complicated by hydroxylation and the presence of 
grains with varying orientation, surface termination and morphology. 
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